Abstract: The kinetics of photoinitiated polymerization for active packaging of light-emitting diodes (LEDs) is presented. The LED chip in our model was considered to consist of an upper emission surface and a lateral emission surface. Light emission from the LED chip triggers the photoinitiated polymerization reaction, leading to the formation of a mushroomshaped encapsulant lens on the LED chip. With our proposed simulation process, the concentrations of both the photoinitiator and monomer, and the photolysis as time evolves can be calculated by the finite-difference method. The time evolution of the lens profile during polymerization can be analyzed as the monomer concentration varies. The proposed technique can depict the shape and precise size of the mushroom-shaped lens for any specific parameters in the polymerization reaction, e.g., LED power, polymerization time, absorptivity of the epoxy, and photolysis. LED encapsulation experiments with different LED power and polymerization time were made to support our simulation results, and the simulation results agree well with the experiment results. Finally, the radiation patterns of the LEDs with the encapsulant lenses are measured to prove the light focusing characteristics of the mushroom-shaped lenses.
Introduction
Since the demonstration of the first III-nitride light-emitting diodes (LEDs) in the early 1990s [1] , significant advances have been realized toward increasing device efficiency, improving device reliability, and developing advanced device designs for high-power applications. LED efficiency can be improved by four factors: internal quantum efficiency, extraction efficiency, electrical efficiency, and package efficiency. In addition to the importance of packaging and encapsulate development in LEDs, several key advances had been achieved for enabling high-performance devices. The improvements in internal quantum efficiency and droop suppression in InGaN-based LEDs were pursued by using non-/semipolar QW [2] , [3] , polar QW with large overlap method [4] , [5] , and growths on nanopatterned sapphire substrates [6] , [7] . Recently, the demand for LEDs is grown rapidly because they have been utilized in many applications (particularly for general illumination). Compared with the conventional light bulbs, LEDs have the two main advantages of long lifespan and reduced energy consumption, although they have the drawback of high production cost.
Typically, a polymer is used to package the LED chip, and the epoxy resin is utilized to form a bullet-shape encapsulant lens [8] to focus the light emitted from the LED chip. There are many polymerization methods such as thermal initiation, photoinitiation, and photothermal initiation [9] .
The photoinitiated polymerization provides advantageous means over the thermally initiated polymerization, owing to the fast and controllable reaction rates and the fact that high temperatures or pH conditions are not needed, thereby attracting extensive attention in various research disciplines and industrial sectors, such as packaging of LEDs [10] and MEMS devices [11] , application of printing inks [12] , and fabrication of photonic crystal structures [6] and microvascular networks [14] . In order to reduce the cost of LED fabrication, a novel LED packaging method, i.e., the active packaging (AP) method, has been presented [17] . This method utilizes the light emitted from the LED chip itself to package the LED with a photosensitive epoxy resin. When the photosensitive resin is exposed to visible light or ultraviolet (UV) light, a free radical inducing the polymerization reaction of the photosensitive resin could be triggered [13] , [14] , and the polymerization rate at room temperature is very rapid (within a few seconds).
The photoinitiated polymerization is a complex reaction because it involves photochemical reactions and the concentration change of diverse substances. The encapsulation shape by photoinitiated polymerization (e.g., AP method) can be changed by using specific parameters in the polymerization reaction (e.g., LED power, polymerization time, absorptivity of the epoxy and photolysis, etc.). Some researches [17] conducted experiments with different parameters such as polymerization time and injection current, to demonstrate the geometries of the LED encapsulants by the AP method, but there is still not a solid mathematical model to predict and depict the size and shape of the encapsulant lens by the AP method. In this paper, we present a mathematical model to describe the LED radiation pattern and provide a numerical simulation process to analyze the kinetics of the photoinitiated polymerization system for the AP method. Through our simulation process, the shape of encapsulant lens as time evolves can be depicted by observing the changes of the monomer concentration.
Method

LED Radiation Pattern
The conventional approach considers the LED as a homogeneous material and defines the light to be emitted from its external surfaces, mainly from the upper surface, with a Lambertian pattern [18] , [19] . In fact, a lot of papers have tested and verified the validity of the Lambertian assumption [20] , [21] , and the Lambertian or quasi-Lambertian source can be derived from a more precise approach, that is, the LED is composed of multiple layers with different refractive indices and absorption coefficients; the dipoles are embedded inside the active-layer half-space with a distance from the bottom reflector and can be chosen to be either in-plane (i.e., an equal mixture of unit x and y dipoles) or isotropic (i.e., an equal mixture of x, y, and z dipoles) [22] . A relatively simple method based on Fresnel's law and Snell's law is used in this paper to testify the Lambertian assumption again. We consider that the injection current is uniformly flowing through the active layer, so the light is uniformly emitted from the active layer, in which the radiation direction from each dipole is angularly random (the dipoles embedded inside the active layer is isotropic). Normally, the coherence length is much smaller than the substrate thickness, which implies the phase factors due to propagation can be effectively neglected [23] , and we assumed that the interfaces between the each layer are a nontextured flat surface without surface roughening process. Once the light has been transmitted through the interface between the upper media and the ambient media, the refractive index difference between the LED chip ðn i Þ and the package material ðn t Þ causes the Fresnel reflection, and light propagation direction will be reflected by Snell's law. So the transmittance as a function of the transmitted angle can be expressed as
where r s ðÞ and r p ðÞ are the reflection coefficient of electric field for s-polarized and p-polarized light, respectively. Fig. 1 shows the transmittance for various couples of refractive index differences between the upper layer of the LED and the packaging material (or air). Clearly, the light escaping from the LED surface at a infinitesimal area is dependent on the transmitted angle , and for all values of n i and n t , the transmission functions are very similar to a cosine function, that is, for the standard LED size, the LED radiation pattern at an infinitesimal area of the LED surface can be considered as a Lambertian pattern for any index difference between the LED chip and environmental material (e.g., air).
LED Intensity Distribution
As mentioned above, the light emitted from the LED surface without surface roughening process at an infinitesimal area is reasonably assumed to be a Lambertian emission pattern. Recently, LEDs are mostly fabricated with an additional surface roughening process to enhanced the light extraction efficiency [24] ; in this case, their light emission patterns are considered as Lambertian emission patterns. Therefore, the Lambert's cosine law generally can be applied for the light emission pattern of an ideal LED with or without surface roughening process. The polymerization process occurs not only at the far ranges but also at short ranges, so the LED intensity at the short ranges must be considered. Therefore, the total radiated intensity by an extended source is given by the integration of the contributions of each infinitesimal area of the source. First, we use cylindrical coordinates to describe the LED intensity distribution and assume the LED chip has circular symmetry. For an ideal case, each infinitesimal emitting area on the LED surface is a Lambertian source, so the LED intensity produced at a point located at Pð; zÞ is
where r a and are the radius and azimuth angle of the LED chip, respectively, and is the absorption coefficient of the photosensitized polymer, which may change with spatial location. In addition, Lð; z; r ; Þ means the distance between the each emitting area of the source and the detect point; C is the normalized emission intensity at each infinitesimal emitting area on the surface. However, not only is the LED light emitted from the upper surface, but the lateral surface also emits part of the light, as shown in Fig. 1(b) . According to our calculations, the radius and height ðhÞ of the LED chip are 0.64 mm and 0.15 mm, respectively. Compared with 120 for a Lambertian source such as a surface-emitting LED, the beam shape from the lateral surface [see Fig. 1(b) ] of an LED exhibits narrower beams [25] . Actually, we can consider that the light is emitted from an effective height of the lateral surface, and the effective height can be reasonably regarded as the height of the active layer. The actual solid angle that can effectively receive the light intensity from the lateral surface is cos À1 ðr a =Þ. Following the above description, the light intensity emitted from the lateral area is
It should be noted that not every position in the space can receive light from each infinitesimal area of the emitting surfaces because the LED itself may block the light emitted from some part of the upper and lateral surfaces. In our case, the LED intensity at a point located at P ¼ ð; zÞ complies with the following rules: I total ð; zÞ ¼ I top ð; zÞ þ I side ð; zÞ for 9 r a and z 9 h I top ð; zÞ for r a I side ð; zÞ for z h.
Finally, the total power of the LED can be obtained by integrating (4) with the hemispherical surface with a constant distance, and then, the constant C can be derived from this equation
Photoinitiated Polymerization
For a thick polymer system illuminated by a LED, the photoinitiator and the photolysis product concentration should generally be governed by a 3-D diffusion equation, which can only be solved numerically. For analytic solutions, we will ignore the diffusion effects such that the initiator may be described by 1-D first-order differential equation. The annihilation rate of initiator concentration due to the mechanism of the photoinitiation can be expressed by @C A ð; z; t Þ @t ¼ À gð; z; t Þ Á I total ð; z; t Þ Á C A ð; z; tÞ (6) gð; z; t Þ ¼ 10 3 Á Á A Á ð=NhcÞ
where C A ð; z; t Þ is the initiator concentration, I total ð; z; t Þ represents the incident LED light intensity, is the quantum yield, h is Planck's constant (in J/s), and c is the speed of light (in cm/s), N is Avogadro's number (in mol À1 Þ, A ¼ 2:303 Â " 1 (the molar absorptivity " 1 , formerly called the extinction coefficient, is often used instead of A , A and " 1 are related by A ¼ " 1 Â ln10 % 2:303 " 1 and result from the use of the base e instead of 10, respectively, in the Beer-Lambert law), and is the central wavelength of the LED. In our calculations, the following units are used: C A ð; z; t Þ in mM, I total ð; z; tÞ in mW/cm 2 , in cm, and " 1 in ðmM Á cmÞ À1 .
Process of Numerical Simulation
Conventionally, the threshold energy is used to determine the completion of the polymerization, i.e., for a given exposure time, the polymerization can only occur in the regions where the light intensity exceeds a certain threshold [26] . In fact, the polymerization reaction is highly complex since the epoxy resin is a mixture of substances with different optical characteristics, the optical characteristics of photolysis are different from the initial epoxy resin, and the accurate description of the polymerization process in resins should involve a solution of the kinetic equations [(6) and (9)]. The distribution of the LED intensity will also be changed during the polymerization process due to the change of the absorption coefficient of the epoxy resin. Our proposed simulation process can calculate the concentration of the photoinitiator, monomer, and the photolysis as time evolves, and the absorption coefficient of the epoxy resin system can be further obtained by the following equation [27] :
where C 0 is the initial concentration of the initiator, C A ð; z; t ¼ 0Þ ¼ C 0 . Meanwhile, " 1 ¼ 6:0 and " 2 ¼ 0:01 are the molar absorptivity of the photoinitiator and the photolysis product, respectively. In our case, we assume that there is no refractive index change before and after curing. Then, the monomer concentration can be calculated from
where C M ð; z; tÞ (in mM) is the monomer concentration, k p (in ðmM Á sÞ À1 ) is the rate constant for propagation, and k t (in ðmM Á sÞ À1 ) is the rate constant for termination. Following the simulation process shown in Fig. 2 , in the beginning, the initial absorption coefficient ð; z; 0Þ ¼ 2:303 Â " 1 Â C 0 , and the distribution of LED intensity I total ð; z; 0Þ is obtained from (4) . Then, the concentrations of the initiator and the monomer are calculated from (6) and (9), respectively. At this point, the photoinitiator concentration has changed, and the absorption coefficient of the epoxy resin for the next time step, which is varied due to the change of the concentration of the photoinitiator, can be obtained again from (8) . Once the first round of the simulation process is accomplished, the simulation process returns to the first step, and the distribution of LED intensity I total ð; z; t Þ at the next time step would be obtained from (4) . As the simulation process goes for loops till the overall curing time is reached, the time evolution of the concentration, absorption coefficient, and light intensity distribution can be obtained thoroughly. Because the time factor was considered in the polymerization reaction, the advantage of our proposed method is that the kinetics of photoinitiated polymerization can be obtained based on our simulation process. Our approach is unlike the conventional approach, in which the completion of the polymerization is determined by the threshold energy, which is independent of time. Instead, when the monomer concentration at a location in space has decreased to a certain level of its initial concentration, the area at that location can be regarded as having been completely cured since most of the monomer has been transformed into polymer. So the profiles of the encapsulants changing with times may be more accurately predicted by a percentage map of the monomer's concentration than by the contour map of the LED intensity.
Results
Encapsulation Profile
The equation mentioned above was solved numerically by finite-difference method. Following the simulation process, the time evolution profile of I total , ÁC A , and C M for the CP (with changing power) and CT (with changing time) cases are shown in Figs. 3 and 4 , respectively. The contour maps of LED intensity I total in the CP cases were changed more than those in the CT cases due to the change of the LED power P. In the CT cases, the LED intensity I total at 0 s, 6 s, 7 s, 8 s, and 9 s had high similarity since there was only little change of the absorption coefficient during the curing process. According to the I total , annihilation of the photoinitiator ÁC A is proportional to the distribution of the LED emission intensity with increasing curing time. The usual case is the homolytic dissociation of an initiator species to yield a pair of radicals, and the radicals will cause chain reaction of the monomer. Propagation with growth of the chain to high polymer proportions takes place very rapidly, which means that one radical may induce a large amount of monomer to transform into polymer. So, the monomer concentration C M is reduced rapidly with increasing curing time, and the percentage map of the monomer concentration will determine the shape of the encapsulation profile, as mentioned above. From the percentage maps of the monomer concentration C M in CP and CT cases, assuming complete curing condition is C M ð; z; t Þ 0:5% Â C M ð; z; 0Þ (C M is decreased to two-hundredth or less of its initial value), the LED encapsulation profiles for CP and CT cases can be determined (the light blue area in C M part of Figs. 3 and 4) , respectively.
The parameters in our numerical calculations are
À1 , and k t ¼ 6:0Â10 4 ðmMÁsÞ À1 [28] . Our simulation results show that the height of encapsulant lens increased from 2.1 (1.9) mm to 3.2 (3.3) mm as the diameter increased from 3 (2.8) mm to 4.2 (4.2) mm for CP (CT) cases. The 2-D data of monomer concentration in Figs. 3 and 4 are circularly symmetric, and its coordinate system is transformed from the cylindrical coordinates to Cartesian coordinates to obtain the 3-D data of monomer concentration. Afterward, the isosurface of the monomer concentration set to 0.5% for the CP (different LED power with the same irradiation time) and CT cases (different irradiation time with the irradiation power) is plotted by Fig. 5(a) and (b) , respectively, and the pictures of the LED encapsulations obtained from experiment are shown in Fig. 6(a) . The products utilized in this experiment were photoinitiator (Ciba Darocur 1173), difunctional acrylated monomer HDDA (1, 6-hexanediol diacrylate) and resin M-5020 (aliphatic PU-Acrylate oligomer). The epoxy resin system was composed of photoinitiator/HDDA/resin M-5020 (5/30/75 wt.%). HDDA is a difunctional acrylated monomer of which the major applications are UV-curable coating as reactive dilulent, compatibility with UV-curable oligomer, colorless, high viscosity, high reactivity, high hardness, and gloss. The cured polymer is stable on continuous illumination, high-temperature operation, and moisture on the long-term durability of the encapsulates. The samples studied in this paper were grown on 430-m-thick 2-in (0001) cone-shaped patterned sapphire substrates using metalorganic chemical vapor deposition. The epitaxial structures for LEDs consist of 3.5-m five pairs of InGaN/GaN multiple quantum well (MQW). Device dimensions are 1143 m Â 1143 m fabricated by normal flip-type LED structure using Ni/Ag for p-ohmic contact layer/mirror layer and Cr/Pt metals for n-ohmic contact layer. AuSn metal is used for eutectic bonding so that there is no wire bonding needed for the package. After grinding, the device thickness is reduced to approximately 150 m, and the top view of the LED is a rectangular shape (that in the simulation LED is a round shape).
Our numerical modeling and the corresponding simulation process can calculate the monomer concentration as time evolves and the percentage of the data is used to illustrate the encapsulation profile by the AP method. We found that the encapsulation profiles of the CP and CT cases have the same mushroom shapes, which agree with the experiment results [see Figs. 5 and 6(a)]. From the geometry and the size of the LED encapsulants, it could be concluded that the encapsulant volume increases with increased polymerization times and LED powers, and the height increased slightly slower in the CP case than that in the CT case. The heights, diameters and height/diameter ratios of the encapsulant lens for CP and CT cases from simulations and experiments are shown in Table 1 . The heights of encapsulant lens from the simulations and the experiments are almost the same, but the diameters of the encapsulant lens in our experiments are about 1 mm wider than those in simulations. The reasons may due to the radiation pattern of the bare chip is slightly wider than the ideal Lambertian case, and the light emitted from the lateral surface will be reflected by the bottom metal cooling plate; this two conditions cause the light intensity in the side region a little TABLE 1 Heights, diameters, and height/diameter ratio of the encapsulant lens for the CP cases and CT cases from the simulations and the experiments, respectively stronger than that in our expectation, so the radius increasing rate in our the simulation results is slightly smaller than that in the experiments. The H/D ratios in the simulations and experiments have the same trend. We also measure the radiation patterns of the LED before and after encapsulation [see Fig. 6(b) ], such kind of mushroom-shaped lens has been widely used to control the light emitted from LED chips and make the beam patterns narrower [29] . Such photon-induced curing technology has a lot of unique advantages over the conventional curing technologies thereby inviting attention in various disciplines of research and industrial sectors. Our simulation process may supply useful tools to analyze the kinetics of photoinitiated polymerization and predict the profile of the resultant polymer in the applications based on UV-curing technology, such as selfwritten waveguides.
Conclusion
We have presented a comprehensive modeling for the kinetics of photoinitiated polymerization. In our model, the light emitted from a bare LED chip has been characterized by integrating the contributions of each infinitesimal area of the source. Next, the time evolution profile of the polymerization process trigger by LED intensity further can be solved by finite-difference method. The percentage maps of the monomer concentration at different times describe the encapsulant profile by AP method for LEDs in thick polymer systems. With our simulation process, the shape and precise size of the mushroom-shaped lens can be depicted for any specific parameters in the polymerization reaction (e.g., LED power, polymerization time, absorptivity of the epoxy and photolysis, etc.) Lastly, our modeling provides useful guidance for designing the encapsulant shape by photoinitiated polymerization, such as the AP method, and it may inspire many applications such as encapsulation with multiple LED chips or encapsulant lens design for special emission patterns. The study of the photoinitiated polymerization for fabricating self-written waveguides is under way in our laboratory.
